The "-ics" sciences and their role in molecular medicine
Within the last decade modern biology and medicine underwent a paradigm shift. The large scale genome data available now complements long established research routes that apply epidemiological and molecular studies on individual genes. The challenge to analyze causes and consequences of human-pathogen interactions and the molecular basis of human diseases and plagues on a genomic scale bears so far unknown opportunities for the understanding of molecular mechanisms and the development of effective therapy and drugs. However, the sheer amount of data is overwhelming. Therefore the successful usage of genome information depends on the comprehensive analysis of genome data, the storage of genome and genome associated data, tools for intergenome comparisons and knowledge transfer, and the iterative enrichment of information resources with the most current research results.
Within this chapter we give an overview of the broad variety of genome and genome associated ("-ics") resources that are important for clinical research. An emphasis is put on the discussion of restrictions, challenges and opportunities of the various analyses and on the challenges and necessities in structuring and organizing the enormous amount of intrinsically heterogeneous data. Clearly it is mandatory to further develop database standards. We need them not only for the handling and organization of the data, but as essential tools and prerequisites in order to carry out any genome based research. Structuring and provision of large scale genomic data is a demanding task. Nevertheless, only with the fulfillment of this task, the wide range of opportunities offered by the data and their comparative as well as combinatorial potential can successfully be used and exploited for medical applications.
Genomes: of Mice and Men and More

History of Genomics
The genome projects of the past 10 years considerably increased the amount of data available for biomedical research (see Fig. 1 and Fig. 2a ). Due to the immense development and rapid acceptance of the internet, molecular data spread quickly through web accessible databases. Genome sequences provide information on the composition and organization of particular chromosomes and genomes, on complete sets of genes and their location on the chromosomes. More in depth analyses can also address complex questions about relationships within one genome or among different species through comparative ge nomic means. As a consequence of the rapid increase of large scale sequence data, the number of databases increased dramatically. These databases exhibit both numerous interface varieties and an enormous heterogeneity with respect to data content, object description and the format of the data (see Table 1 ).
The generation of expressed sequence tags (ESTs) is a hallmark for the beginning of the genomic age (see Fig. 1 ). ESTs are transcribed sequences which are being sequenced partially and are of comparably low quality [1] . ESTs give insights into large portions of the transcribed genome and allow for first approximations of the particular genomes. Today, enormous amounts of ESTs from a wide variety of organisms exist. To eliminate redundancy and give comprehensive insights into the particular transcriptomes, computational strategies to collapse ESTs into clusters and assemblies have been developed [2] [3] [4] .
The advent of a new type of mass sequence data, whole genome sequences, dates back to the mid-1990s (see Fig. 1 ). The start was made with the bacterium Haemophilus influenza
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History of Genomics
The advent of a new type of mass sequence data, whole genome sequences, dates back to the mid-1990s (see Fig. 1 ). The start was made with the bacterium Haemophilus influenza genome sequence. This classical strategy is named clone-by-clone shotgun (CBCS) sequencing [13] and is best exemplified by the efforts to sequence yeast [14] , roundworm [7] and human [9] genomes.
An alternative strategy for genome sequencing is to apply a whole-genome shotgun (WGS) sequencing strategy [13] . Here unordered, highly redundant shotgun sequence libraries of the entire genome are generated. Subsequent massive application of bioinformatic and computer assisted analysis aim to assemble the millions of short nucleotide sequence reads into a complete genome sequence. In principle, this shortcut bypasses the need for a clonebased physical map.
Advantages and disadvantages of the WGS strategy have been discussed controversially [15, 16] . Nevertheless, the two strategies are not mutually exclusive. There has been a remarkable convergence in the use of these sequencing approaches, resulting in the advent of hybrid strategies that incorporate elements of both. Prominent examples for this mixed approach are the sequencing projects of mouse, rat and zebrafish [13] .
Status of the Human Genome
The sequences of human and other organisms represent fundamental information for biology and biomedicine. It became clear that the structure of the human genome is extraordinarily complex and the elucidation of the function of the genome in its whole complexity is far from being understood. Only 1-2% of its bases encode proteins [9] and up to now the full set of protein-coding sequences has not been determined with high reliability. Initially, an approximate number of about 25.000-35.000 human genes have been reported. In addition, a large number of thus far uncharacterized, non-coding sequences is under selective pressure, suggesting functional importance of these regions [11, 17] . One significant class of genes, often missing from contemporary genome annotations, is the group of non-protein-coding RNAs (ncRNAs). ncRNAs constitute a major functional output of the genome and play a major role in protein synthesis, genomic imprinting [18] , and the control of genetic networks [19] . Even less is known about the role of roughly half of the genome which consists of highly repetitive sequences. Furthermore, the relatively small number of new genes detected in the human genome has led to a renewed focus on the role of the precise regulation of gene transcription as well as alternative splicing in mediating the complexity of mammals.
Models as a Means to Study Human Genes
With the availability of a "finished" sequence of the human genome, the primary focus is to identify the complete set of both protein-coding and nonprotein-coding mammalian genes. Although certainly being a primary goal, a comprehensive data resource that contains the complete description of a mammalian transcriptome, thus far has only been partially realized. With the shortcomings in computational [5] , soon followed by the yeast Saccharomyces cerevisiae [6] . Only two years later the genome sequence of a more-complex multicellular organism, the roundworm Caenorhabditis elegans, has been reported [7] . In 2000, the genome sequence of another important invertebrate model, the fruit fly Drosophila melanogaster, was published [8] , and as a culmination the draft sequences of man [9, 10] and mouse [11] were reported. Today, the complete genomes of more than 100 organisms from all kingdoms of life are available (see Fig. 2a and Fig. 2b) , and huge efforts are made to constantly update and improve the sequence data of the human genome [12] .
Strategies for Genome Sequencing
The most common approach for the generation of sequences of large, complex genomes involves the establishment of an ordered subset of largeinsert genomic clones from which a physical map of the respective genome is generated. Each genomic clone is sequenced with high accuracy and finally the sequences of individual clones are re-assembled into a total 
Finished Genomes
Eukaryote Archea Eubacteria detection and definition of genes, large scale experimental identification of transcribed units is a highly useful resource for defining genetic features on the genomic backbone. One approach is the systematic isolation and characterization of fulllength cDNA sequences [20] [21] [22] [23] . The generation of a set of cDNAs that contains the complete and uninterrupted protein coding regions of all human and/or mouse genes provides a valuable means for the accurate identification of genes, products of alternative splicing and the systematic and comprehensive analysis of protein [24] .
Major challenges inherent in further programs for the discovery of genes are the experimental identification and validation of alternate splice forms and mRNAs that are expressed in a very restricted 
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way. However, additional information of protein-protein interaction, cDNA microarray expression profiling, protein localization and structural genomics experiments have to be integrated with existing data.
Quality of Sequences and Models
While unraveling large genomes, technical complications and limitations in data quality and related annotation have been reported. A number of reports discussed sequence errors and chromosomal mis-assignments for gene sequences and entire contigs of the first human genome draft [25, 26] . However, for cases where the sequence of a closely related genome has already been finished (e.g. human vs. chimpanzee), the implementation of the WGS strategy has the potential to provide a considerable acceleration of the assembly procedure. In such cases conserved syntenic regions can be used as additional information for the assembly [27] .
In simpler eukaryotic organisms such as yeast, the majority of the genome encodes for proteins, and individual genes generally have a welldefined start and stop and a single mRNA transcript. The mammalian genome organization is considerably more complex and so is the challenge to detect individual elements. Only a small portion of the genome encodes mRNAs and the detection and modelling of genes is very complex [28, 29] . In the fruit fly Drosophila melanogaster, ab initio gene prediction methods correctly predicted about 79% of individual exons [30] , in contrast to about 70% in human [31] . In part, this is caused by small exons which can be separated by long introns, or the usage of rare and unusual splice sites and alternative genes products. Thus, further experimental evidence, e.g. from cDNAs and ESTs, is a highly valuable resource for the detection and accurate modelling of genes within complex genomes [32] .
Why Genome Sequences of Related Mammals?
The increasing number of finalized and draft metazoan genome sequences provides new opportunities for biomedicine and genetics. Comparative genomics approaches probably represent the most powerful strategies [33] .
With the availability of the assembled mouse and human genome the alignment and comparison of two large vertebrate genomes has now become feasible [11] . The completion of the sequencing of the mouse genome enables to delineate human genes with greater accuracy. While current ab initio gene prediction programs are remarkably sensitive (i.e., they predict at least a fragment of most genes), their specificity is often low and they predict a large number of (probably) false-positive genes in the human genome. Human-mouse sequence conservation at the protein level helps to eliminate some of those.
For the study of diversification, the comparison of closely related genomes is a highly valuable instrument. For this purpose, the alignment of the human genome with those of apes and monkeys are of importance. The comparison of cDNA sequences of the cynomolgus monkey (Macaca fascicularis) with human genome sequences already proved the usefulness of this approach [34] and genome sequencing of the chimpanzee (Pan troglodytes) is underway. As a complementary approach, the analysis of high throughput cDNA from orang utan (Pongo pygmaeus) has already been initiated (S. Wiemann, personal communication). Without doubt, comparative genomic analysis between human and ape genomes will lead to unprecedented insights into human evolution [27] .
Data mining of all available genomic databases from completely or partially sequenced organisms enables the detection of orthologous genes. Interspecies genomic comparison is a powerful tool to infer the function of genes as it allows to project knowledge gained within one particular organism to a related organism [33] . Comparative genomics databases facilitate the identification of evolutionarily conserved genomic sequences, genes and gene families, and thus to enrich the annotation of the human genome. These analyses have the potential to identify new exons and highly conserved non-coding regulatory elements by the comparison of the upstream regions from orthologous genes. However, with the apparent high sequence redundancy within mammalian genomes, orthology assignment based on pure sequence homology often leads to ambiguous data. Thus beside homology based assignment, orthology assignment by syntenious localization of the respective gene pairs is of importance [33, 35] .
Presentation and Visualization
A first and immediate outcome of any genome analysis project is the deposition of unordered and fragmented genomic sequences in public sequence databases. While this information is a valuable resource for researchers interested in particular genes, many biomedical scientists need to gain knowledge on additional contextual information. For example, in positional cloning projects it is preferable to know the order and relative orientation of genes, markers and repeats within a given interval. This information can only be derived from assembled consensus sequences. Therefore efforts are made to assemble overlapping genomic fragments into contigs and anchor them to individual regions of the respective genomes. Although this is carried out for a variety of species and their respective genomes, a special emphasis is of course put on the human genome. Among others the "Golden Path" assemblies at the University of California, Santa Cruz (UCSC, http:// genome.ucsc.edu) and the contig assemblies from the National Center Yearbook of Medical Informatics 2004 of Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov) have been representative major resources. Various websites now offer the opportunity to browse annotations of the human genome as well as draft sequences from other species. Among the most prominent and exhaustive data collections are the UCSC Human Genome Browser [36] , the NCBI Map Viewer [37] and the Ensembl database [38] (see also Table1).
Comparative analysis and visualization tools have been developed that allow the exploitation of genome sequences of related organisms in order to search for orthologous genes. Among the most commonly used comparative genomic tools are VISTA (Visualization Tool for Alignment) and PipMaker (Percent Identity Plot maker) [35, 39, 40] (see Table1) .
Pharmacogenetics: from SNPs to Therapy
Pharmacogenetics is the combination of pharmaceutical knowledge and genetic information. The most frequently discussed pharmacogenetic application is the analysis of the genetic influence on an individuals response to drugs. The goal is the development of personalized medication based on the knowledge of an individual's genetic profile and of the genetic background of the disease, which could reduce side effects and increase the effectiveness of the treatment. An important strategy is the analysis of genetic variations, such as single nucleotide polymorphisms (SNPs) and microsatellites in order to detect important genotypes of potential drug target genes and regulatory elements, e.g. drug-metabolizing enzymes and receptors [41] [42] [43] .
The functional classification of genes, the association of functional categories with pathway information, and the association of data on drug metabolism with the function of known and unknown genes is essential in order to be able to select genomic regions that are of potential interest for further experimental analyses. This is of outstanding importance as quantitative trait loci (QTLs) -genetic loci that influence quantitative traits like weight or immunological parameters, in contrast to mendelian loci, which show dichotomous phenotypes -might affect phenotypes in less obvious ways. Complex diseases (e.g. asthma), which show phenotypes determined by multiple factors, are most likely influenced by multiple loci [44] and require the analysis of multiple candidate genes/regions. These analyses can only be performed with the help of integrated databases. Such databases are hence invaluable for pharmacogenetic studies, as only the combination of genome based sequence data, experimental evidence, annotation and clinical results can lead to the identification and characterization of the complex genetic background of a given phenotype.
Currently, most databases that provide special information on pharmacogenetics are commercial. However, publicly available databases are increasing in number (Table 1 ). An example is PharmGKB. It contains the annotation of genes, including pharmacogenetically relevant publications, associated diseases and genetic variations.
SNP Based Studies
The use of SNPs is increasing in research and diagnostics world wide.
It became very popular to analyze the genetic makeup of populations and individuals [45] .
Most studies dedicated to the characterization of pharmacogenetically interesting genotypes are based on linkage and association studies [46] . While conducting such studies, the genetic association of markers with the attribute of interest is analyzed.
Besides microsatellite markers, SNP based markers are widely applied. SNP based markers offer additional opportunities to other marker types. They are available at comparably high densities and in ideal cases a particular SNP already tags the particular gene and genome position (e.g. the amino acid codon) that causes the observed effect. With the development of new techniques the costs for genotyping will be further reduced, which will make large-scale whole genome SNP screens economically feasible in the near future [47] .
One approach to reduce the numbers of SNP markers used for studies and therefore the costs involved in a whole genome analysis, is the development of haplotype maps [48] . These maps represent sets of SNPs that always co-occur due to a high linkage disequilibrium in the respective genomic areas. Hence, it is possible to represent a complete haplotype block by typing a single SNP only. The amount of SNPs that have to be analyzed can be reduced 20 to 40 fold from 10.000.000-20.000.000 to 500.000. This in turn drastically reduces the costs of SNP based genotyping required for standard analysis [49] .
Many SNPs published in public SNP collections lack validation and manual curation. Especially the increase in accuracy of SNP detection from EST assemblies [50] and also the efforts of publicly funded revalidation projects will lead to an improved quality of the data. In addition, the availability of information on population specific SNPs allows to focus on epidemiological genetic features. This has been demonstrated by the company deCODE genetics, which is using comprehensive genetic, disease and genealogical information of Iceland's founder population to detect disease linked genes [51] .
Candidate-gene approaches, e.g. attempts to isolate particular genes closely associated to or causative for a Yearbook of Medical Informatics 2004 specific phenotype, are the most frequently used analyzes carried out. Often these kinds of analyzes are supported by genome wide linkage studies. For a successful and time efficient completion of such projects detailed knowledge and information of the genetic background is a necessity, because it allows for the rapid detection of appropriate markers within the region of interest. In addition, the screening for candidate genes in the respective region has the potential to speed up the analysis process dramatically. Screens for candidate genes are merely based on the molecular characteristics of the genes located within the regions. Thus, to understand the impact of potential candidate genes located inside the regions of interest, knowledge of their function and position in functional networks (metabolism, signaling, etc.) is essential. Hence the availability of high quality, manually curated information on metabolites, associated pathways, diseases and effects on drugs is a prerequisite for the characterization of genetic influences on diseases and provides the link for associating epidemiology to molecular biology (Table 1) .
Alternative Transcripts
It has been estimated that between 35% -59% [52] of all human genes encode for more than one transcripts. The impact of these alternative products on function and regulation has become a major focus in recent years [53] . In addition the identification of splicingregulatory elements like exonic splice enhancers [54] and the search for conserved splice variants between species led to the establishment of various databases harboring information on alternatively spliced transcripts. As the cause and effect of alternative splicing in a genome, transcriptome and proteome context seem to vary widely, most public databases of alternative splicing focus on the alignment of sequences of alternative products in the context of a genomic reference or full length cDNA sequence. Differential expression, gain/ loss of function, and the influence of point mutations on the occurrence of splice patterns are only rarely included. Therefore the current focus is mainly directed towards the development of high-throughput methods to structure and analyze the enormous amount of ESTs from public repositories rather than on the manual curation of detected splice patterns.
An important and complementary focus of research conducted on alternative splicing is the identification of transcript specific expression patterns [55] . The relevance of alternative splice products in diseases seems to be high [56, 57] . Therefore the development of strategies that allow to distinguish between the expression of alternatively spliced transcripts will lead to new insights and will also have a significant implication in the field of expression analysis.
Infection: Viruses, Bacteria and Other Pests
One of the biggest burdens for humanity is infectious disease. Bacteria, viruses and protozoan parasites are still major causes of death despite the steadily increasing understanding of the mechanisms of pathogenicity and the constant effort to develop novel drugs. According to the National Institute of Allergy and Infectious Diseases (http://www.niaid.nih.gov/) about 13 million people die annually due to infectious diseases which accounts for one quarter of deaths around the world. Approximately 1.7 million people die every year from tuberculosis, 1.1 million from malaria and 2.9 million from human immunodeficiency virus (HIV) infections. However, the biggest threat comes from infections of the lower respiratory tract with 3.9 million deaths per year.
Conventional drugs that used to be quite effective, such as common antibiotics or chloroquine, against Plasmodium falciparum, the malaria parasite, are losing their efficiency due to rapidly spreading resistance. The most recent alarming case was the emergence of a vancomycin resistant strain of Staphylococcus aureus [58] . Diseases that were thought to be under control are returning. For example tuberculosis has reemerged due to decreasing standards of hygiene and as a consequence of the spread of HIV. There is an urgent need to improve existing drugs and vaccines and to develop new ones against known microorganisms and newly emerging ones, e.g. the SARS-coronavirus (SARS-CoV). The development of diagnostic tools that allow a rapid test is also mandatory in order to fight infectious diseases efficiently.
With the advent of the genomic age, it became evident that information on the genomes of pathogens and their relatives could be of tremendous help to fight infectious diseases. The first genome of a free living organism ever sequenced was that of Haemophilus influenzae [5] . Since then, over one hundred bacterial genomes and more than 1000 viral genomes have been completed, the SARS-CoV being the latest one as of the writing of this article. The sequencing of major protozoan parasites is also under way and finished for some genomes like Plasmodium falciparum, the causal agent of malaria. Major centers for sequencing of bacterial genomes are the Sanger Center in the UK (http:// w w w . s a n g e r . a c . u k / P r o j e c t s / Microbes/) and the Institute of Genomic Research (TIGR, http://www.tigr.org/ tdb/) in the US, but there are also other institutions like ACGT (Univ. Oklahoma, http://www.genome.ou.edu/) or Univ. Wisconsin-Madison Genome Sequencing (UWisc, http://www. genome.wisc.edu/) to name a few (see also Table1). Yearbook 
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Mechanisms of Pathogenicity
The fight against pathogens focuses on mechanisms of pathogenicity and the immune response of the host. Main virulence factors of bacteria are capsules, cell wall components, toxins and adhesins. The first and crucial step in infection is the invasion of the host. There are extracellular pathogens like Staphylococcus aureus that break down host barriers without the invasion of cells. Intracellular pathogens penetrate the cell membrane and persist inside the cells either in the cytosol (e.g. Lysteria monocytogenes) or in vacuoles (e.g. Mycobacterium tuberculosis).
The human host has several defenses against invaders in critical places such as epithelial cells of the skin and the respiratory tract, lysozyme in tears and low pH in the stomach. After successful invasion, the immune system of the host reacts to more general pathogen associated molecular patterns or specific antigens.
Variability is known for the human immunoglobulin genes, the major histocompatibility complex and virulence genes, as in the case of the cag island in Helicobacter [59] . Reciprocal polymorphisms in genes involved in hostpathogen interaction are interesting candidates for co-evolution, the adaptive genetic changes between interacting species [60] . It is known that a great deal of bacterial evolution is mediated through genome rearrangements (collectively referred to as horizontal transfer) and plays an important role in the molecular evolution of novel pathogens. In the process of horizontal transfer, genomic islands from a donor organism are incorporated in the genome of the recipient organism. These islands can contain large blocks of virulence genes (pathogenicity islands). Plasmids often carry genes that confer antibiotic resistance and bacteriophages also contribute to the horizontal transfer of virulence genes.
Pathogen Functional Genomics
The wealth of genome sequences available for pathogens and also their non-pathogenic relatives has opened up possibilities to understand pathogenesis and find candidates for virulence genes. The understanding of pathogenesis and the identification of virulence factors provides a basis for the development of anti-microbial drugs, vaccines and diagnostic tools. One key methodology is the in silico comparison of complete genomes, though the analysis of single genomes also allows to find potential virulence factors. With more and more genomes being finished, a plethora of meaningful and promising comparisons is possible. Once genomes are available that allow for meaningful comparisons, several aspects can be studied that in combination help to reach the goal of an effective fight against pathogens.
The intent of genome studies and comparisons varies. Depending on the hypothesis, either closely related or distantly related genomes, whole genomes, open reading frames (ORFs) only or regulatory regions are of interest. As described above, many virulence factors are already known. Some of them combine features that can be searched for in silico even when only the sequence of a single genome is available. Cell-wall or secreted proteins are of particular interest. Pizza et al. could identify 570 putative cell-wall or secreted proteins in Neisseria meningitidis [61] . Further immunization screens in mice led to the extraction of two conserved vaccine candidates. Another promising approach is the comparison of strains or species that are related but have differing virulence (e.g. Neisseria meningitidis serotype A and B), infect different tissues in the human host (e.g. Bacillus anthracis and Bacillus cereus), or infect hosts other than human (e.g. Mycobacterium tuberculosis and Mycobacterium bovis).
Horizontal Gene Transfer
Not too long ago only a limited amount of information from fairly distantly related genomes was available. Thus, comparisons were mainly focused on phylogenetic studies that allowed for some insight into the relatedness among bacterial groups and horizontal transfer among bacteria which can substantially blur phylogenetic signals. The understanding of the evolution of bacteria, i. e. the history and mechanism of the exchange of genetic material, will help to elucidate the virulence mechanisms of emerging and reemerging infectious diseases and changes in virulence associated with these infections.
Horizontally transferred DNA plays an important role in the exchange of virulence genes and the acquirement of resistance. Recently, the analysis of the complete sequences of the vancomycin resistant Enterococcus faecalis (an opportunistic pathogen that is the major cause of urinary tract infections, bacteremia and infective endocarditis) showed that more than one quarter of the genome consists of probable mobile or foreign DNA [62] . The authors argue that the propensity for the incorporation of mobile elements probably contributed to the rapid acquisition and dissemination of drug resistance.
Buchrieser et al. showed that horizontal transfer accounts for differences in Lysteria monocytogenes (a foodborne pathogen) and Lysteria innocua (non-pathogenic) [63] . Perna et al. compared Eschericha coli K12 with Eschericha coli 0157:H7, an enterohaemorrhagic relative [64] . They found that lateral gene transfer is extensive and offered a wealth of candidate genes that may be involved in virulence.
Pathogenicity in Different Tissues and Hosts
Recently, attention has focused on Bacillus anthracis, because it became notorious as a bioweapon. It is an endospore-forming bacterium that [67] . Members of the Mycobacterium group are responsible for many millions of deaths worldwide. Starting with the genome sequence of the laboratory strain of Mycobacterium tuberculosis H37Rv, the causal agent of tuberculosis, in 1998 [68] , by and by the genome sequences of several relatives have been published: the one of the leprosy bacillus Mycobacterium leprae [69] , of Mycobacterium tuberculosis CDC155, a clinical isolate [70] and of Mycobacterium bovis [71] which is a pathogen primarily in cattle but also in humans. The comparison of these species and strains with differing host preferences and pathogenicity will provide insight into the evolution of this species complex and the virulence factors involved in pathology.
Once potential virulence genes are found they can be used in vaccine screens. Virulence genes can be quite polymorphic. Therefore it is of interest to compare different strains of the same pathogenic species. For vaccine development, it is favorable to choose factors that are conserved within a species. This applies even more broadly for the development of antibiotic drugs. The pharmaceutical industry is mainly interested in the development of broad-spectrum antibiotics that act on many different species. The comparison of genomes of several strains and/or species can pinpoint the highly conserved genes that are potentially involved in virulence and exclude those that are too variable. There are exceptions as in the case of Helicobacter pylori which has an elevated intra-strain variation [72, 73] . In the treatment of the chronic diseases caused by Helicobacter pylori (an organism that can cause ulcer and cancer) it can be advantageous to develop species specific antibiotics for long term treatment in order to avoid stress for the host.
The comparison of different strains is crucial in the study of the HIV. It elucidates the rapid evolution of some genes, e.g. env [74] and gag [75] , that can render many therapy and vaccination approaches useless.
The causal agent of malaria is the protozoan parasite Plasmodium falciparum. It is transmitted to the human host by the mosquito Anopheles gambiae. The parasite needs these two hosts to complete its life-cycle. By the end of 2002, a wealth of genomic information was published that could considerably accelerate malaria research. In addition to the human sequence, genome sequences of Anopheles gambiae [76] , Plasmodium falciparum [77] as well as Plasmodium yoelii yoelii, the causal agent of rodent malaria [78] , were published. The comparative genomic analyzes of these genomes, including the well studied genome of Drosophila melanogaster will provide insight into host and parasite specific virulence and defense mechanisms, respectively [79] [80] [81] .
In order to find novel drugs and vaccines, the study of the human host genome of course is equally important. Drugs and vaccines will fail if they inhibit essential functions in the host. They will also fail if they are self-antigens and hence poor immunogens or cause the production of auto-antibodies.
Prerequisites for Further Experimental Studies
With the help of software tools and high quality databases, clinical bioinformatics can find potential candidates for drug targets and vaccines and generate important clues about which genes to pursue for functional analysis. Hence bioinformatics approaches narrow down the number of potential targets and make "wet-lab" work more directed and efficient. The complete and correct prediction of ORFs and their functional annotation are also fundamental for the design and production of gene chips for gene expression studies. Gene expression studies that compare either the expression profiles of pathogens or hosts in different stages of infection can give important clues to finding new drug targets.
Transcriptome Analysis and Microarray Databases
The extraction of functional information from "one-dimensional" genome data is a major challenge of current biological and biomedical research. Functional information obtained by genome wide approaches needs to be related to genomic sequence data and the attached information. A widely applied and exceptionally powerful technique is the high-throughput expression analysis. The technology is well established and frequently employed in clinical research that is directed towards the elucidation of the molecular dynamics that underlie infection, inflammation and cancer, as well as in pharmacogenomically directed research and for diagnostic purposes.
Whole-genome and high-density setups have been implemented by means of dual-color cDNA microarrays, printed oligo arrays, and in situ synthesized oligo arrays (i.e. Affymetrix GeneChips®). In addition, several specialized low-density systems, mainly on the basis of cDNA or antibody arrays, gained influence for specific research topics and, especially, diagnosis. However, the underlying technologies are rapidly developing and new approaches like triple-color arrays, capillary 3D arrays or combined cDNAantibody arrays are already emerging. Yearbook 
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Applications in Medicine
The technology of expression analysis is applied in a broad range of medical research fields. Research topics as diverse as host-response after infection and immunology, cancer classification, chemotherapy administration, or embryogenesis and tissue differentiation are analyzed employing high-throughput expression analysis techniques [82] [83] [84] . However, microarray studies on cancer related issues are by far the most frequent and largest ones, followed by studies in inflammation and immunology.
Inflammation and Immunology
In the fight against infectious diseases, the genetic response of the human host to various microorganisms is of particular interest. Microarray studies have considerably contributed to the increasing knowledge about gene regulation in the host's defense mechanisms against pathogens [85, 86] and the allergic reaction [87] as well as in macrophage activation [88] . This is mainly due to the fact that the high throughput of microarray technology allows to cluster series (e.g. with selforganizing maps) of measurements (e.g. time series, dose response series). Hence, genes with similar induction patterns can be identified and gene interaction networks can be proposed [89] . However, Ehrt et al. showed that tests for differential expression can be sufficient to unravel knowledge on signaling cascades if the experiment is well designed and replicated [90] .
Cancer Research
Cancer type classification by expression profiling is by far the most comprehensively studied topic in the area of expression analysis [91] . Methods like LDA/QDA (linear and quadratic discriminant analysis), PLS (partial least squares), SVM (support vector machines), and ANN (artificial neural networks) have proven their capabilities in outperforming conventional histological analysis (e.g. tumor grading) [92] . Computational results have even been employed to refine histological grading techniques. However, there are still many cancer types (e.g. bronchioalveolar carcinomas) which remain hard to distinguish even when employing these techniques. The understanding of the molecular steps and the underlying molecular networks that play a role in the development of tumors and the distinction of different cancer types still remains a challenge in genomic based cancer research.
Another major topic in cancer expression analysis is the response to chemotherapy. This includes, amongst others, the question if a patient's expression signature can be used to predict the response to a chemotherapy. For bioinformatics, this represents a typical classification problem. As with the cancer type classification, many algorithms have been trained to distinguish responders and nonresponders at high accuracy levels.
Besides, the increase of knowledge about gene function and regulatory networks in oncogenesis and chemotherapy response is remaining a demanding task in bioinformatics. Many studies try to discover new oncogenes and oncogenic pathways involved in specific tumorigenetic processes. Frequently used techniques are hierarchical clustering, principal component analysis (PCA), and selforganizing maps (SOM). However, with data on more tumor states and types becoming available, the dissection of the mechanisms of malignancy and metastasis will be challenging as well.
Transcriptomics Databases and Repositories
Database systems and repositories play a crucial role in transcriptomics [93] (see Table 1 ). Not only do they handle the vast amounts of data with ease; they also allow for usertransparency with respect to the heterogeneous vendor and hardware specific data and file formats.
Current web-based data management systems can be grouped into "database systems" and "repositories". Database systems merely support the upload and/ or retrieval of expression values and annotation in a limited number of (predefined) formats (e.g. complete experiments or all data from one microarray/GeneChip). Many of them are purely public, i.e. users cannot specify private permissions for unpublished data.
Repositories, on the other hand, are web-based software suites comprising data storage, cross-linking with various other data sources (e.g. genomic, proteomic and functional databases), mining-tools (i.e. complex, user-driven dataset creation), statistics tools, and graphical interfaces. A typical repository supports data privacy via user accounts, user-defined groups and permission control. Especially collaborating laboratories frequently acknowledge these advantages compared to databases or LIMS (Laboratory Information Management Systems).
Databases and repositories are, in the long run, the only reasonable way to ensure comparability between transcriptomic data and motivate comparisons between laboratories and technologies. This will not only ensure confidentiality but also can save considerable time and money. Similar studies and sometimes even completely distinct studies can, for example, improve the classification accuracy due to an increase in the training data set's size.
A surplus of repositories is their mining capability. This gives researchers fast access to data in support or contradiction to special hypotheses. For instance, it becomes straightforward to extract all measurements of oncogenes from human gastrointestinal samples and to check for their differential expression between "normal" tissue and carcinogenic tissue (e.g. tumors).
Limitations of Array Data
However, beside the enormous advantages of high-density expression
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analysis, the transcriptomics researchers are confronted with some drawbacks.
Hardly any commercial and only very few customer-based array productions include a thorough quality assessment step before shipping/ hybridization. Some technologies tend to have a low reliablity of the spotted DNA sequences leading to wrong expression intensity assignments for some of the covered genes. Additionally, many experimental parameters, such as RNA quality, labeling reactions, hybridization, and scanner configuration influence the quality of the results. Since control experiments are frequently missing, algorithmic quality measures, commonly available in repositories, are essential for asserting quality standards.
The other main drawback is the heterogeneous, often very limited, amount of information about the experimental procedures and the biological samples ("biomaterial") supplied. This does not only hinder inter-laboratory comparability but also restricts the number of analytical procedures applicable (e.g. missing survival times in cancer research). Curated database systems and repositories are very useful in enforcing a minimum annotation level. Furthermore, they can engage researchers to include additional information and guide them to do so in a structured way. For example, the MIPS Expression repository requires that the user annotates the experiments and biomedical samples at a minimum level, engages MIAME (Minimum Information About Microarray Experiments) [94] compliant levels and guides further annotation by an intelligent combination of controlled and free text. Therefore, curated databases and repositories are the best means to enforce upcoming annotation standards like MIAME and assert a certain minimum quality level (i.e. implement a control for quality standards).
Requirements of Information Resources
As illustrated above genome information and the organization of data within databases became an essential component for modern biological and biomedical research. Expression analysis, linkage analysis and the study of pathogens all heavily rely on the availability of large scale data. It is fundamental for the accomplishment and interpretation of such studies that the data generated are available in reliable quality and comprehensive annotation. The sequence data need to be stored in databases, have to be kept up to date and annotated as well as possible. There is a plethora of genome resources available on the internet, but the quality of annotation and curation are multifaceted. One major problem are inconsistencies when genome data are stored in several independent databases that are maintained at different levels of accuracy. Entries can be redundant and functional annotations vary. As illustrated above genome information and the organization of data within databases became an essential component for modern biological and biomedical research. So far the main focus has been directed towards the analysis of individual genomes and the comprehensive detection and study of the individual genetic elements.
Database Maintenance: How to Stay Up to Date
Inherent to genome data is that it solely represents a snapshot of what is known at a particular point in time. Although the causes are multifaceted, it is apparent that static data repositories are rapidly becoming obsolete. For example, assigned homologies can become outdated over night due to a newly characterized gene, or gene structure assignments need to undergo revision due to novel cDNA or EST data. In order to keep data resources up to date all kinds of information constantly need to be integrated. However, the amount of information is immense and the data are very heterogeneous (sequence data, expression data, mass spectometry (MS) data, printed publications, etc.). A widely followed route for the integration of annotations from different sources is the use of ontologies and controlled vocabulary like in the Functional Catalogue (FunCat, [95] ) and Gene Ontology (GO, [96] ). By using controlled vocabulary, genes can be assigned to and retrieved from pathways and functions. With the exponential increase in genomic data it has become more and more evident that traditional ways of curation and functional assignment, e.g. manual curation by expert groups, reach their limits. Moreover consistency problems, typically caused by differing biological interpretations, became increasingly evident. One way to tackle this problem, are concerted, ontology approaches that are based on model organisms and expert curated assignments [96] . An alternative or complementary approach to transfer biological knowledge derived from model organisms to new molecular data are automatic processes. These approaches use sequence and domain characteristics and their association with functional annotation from reference organisms to project the information on novel genomes. Although there are evident problems caused by difficulties in orthology assignment, pseudogenes, paralogs and tissue and development dependant function, these approaches have the potential to reach a high degree of selectivity and thus are a cost-effective way for first pass functional annotation. However, as biological knowledge on particular genes is not static but rapidly evolving, the problem arises of how to stay up to date with this knowledge and new publications. As ever repeating cycles of manual updates are unrealistic, auto-mated approaches including automated literature mining are promising strategies. Thus, for the maintenance and further development of genome databases and their content, automatic tools gain more and more importance.
Database Access
One of the major endeavors is the consistent integration of heterogeneous information into resources that enable easy and intuitive access. Concepts and standards to achieve this are the focus of current research and development, and retrieval systems such as the Sequence Retrieval System (SRS) [97] already enable to browse numerous pre-selected databases with heterogeneous content and formats.
Scattered distribution, heterogeneous design and object models are characteristic to genome and functional genomic databases. Hence linkage and integration of different sources is difficult to realize. Whereas for DNA and protein sequences unambiguous linking (usually) is easy to achieve, the vocabulary used, gene and locus identification numbers, references to regulatory regions, etc. need to be tightly controlled to enable automatic and dynamic integration. In the public domain, distributed annotation systems and BioMOBY [98] object definition standards are currently being developed and will find broad application in the near future. This will help to overcome current limitations and inconveniences, such as repeated navigation between different web sites and databases and the collection of information fragments at each individual site that later need to be assembled in order to get an overall picture.
Combinatorial Genomics: Linking All Information
Only for a small percentage of genes encoded in the genomes detailed experimental data on the biochemical and functional role exist. Thus the challenge of postgenomic analyzes is to elucidate the functional role of huge amounts of the respective genomes. Besides the administration and structuring of already existing data, a role of bioinformatics is to analyze unknown genes by sensitive tools and thereby generate hypotheses for their function and role. Additionally, postgenomic functional genomics is building on genome scale assays and analyses (transcriptomics, metabolomics, proteomics...) and aims to enrich knowledge on functional and systemic properties of the respective organisms. Clearly the future challenge is to enable the connectivity of multiple data types to explore various combinatorial relationships and dependencies among different data types and experiments and thus to fully exploit combinatorial genomic opportunities. This demanding task can only be fulfilled with the help of excellent, curated databases. 
